A compilation of values for the exponential coefficient of natural mortality (M) is given for 175 different stocks of fish distributed in 84 species, hath freshwater and marine, and ranging from polar to tropical waters. Values of Loo(LT, em), W",,(g, fresh weight), K (l/year) and T (ec, mean annual water temperature) were attributed to each value of M, and the 175 sets of values plotted such that:
Intraduction
for weight. (For brevity's sake, L oo and Woo, the asymptotic length and weight respectively, will be referred to as "size" (5) wherever possible.) The estima-A third, comparative approach was therefore explored by various authors (starting with Beverton and Holt, 1959 ) who attempted to relate M to some easy-toestimate parameter, whose value could then be used to predict M.
Among the various parameters, it appeared quite early that M is closely related to the growth parameters of a given stock, especially to the parameter K of the von Bertalanffy growth formula, hereafter referred to as VBGF, which has the form:
In fish population dynamics, the exponential coefficient of natural mortality (M) certainly is one of the parameters for which it is most difficult to obtain good estimates. On the other hand, values of this parameter are needed for most of the models presently used in fish population dynamics.
Natural mortality, as defined in the literature, is caused by all possible causes of death except fishing. Direct estimates of M can therefore be obtained only from completely unfished stocks.
In exploited fish stocks, values of M may be obtained from values of total mortality (Z) minus fishing mortality (F) or by a plot of Z against contemporary effort data (f), M being the y intercept (atf = 0) (see Beverton and Holt, 1957; Ricker, 1975 for discussion and definitions). These two approaches obviously have their limitations, the first in the fact that the most exploitable fish stocks are presently exploited, the second in the fact that total mortality and contemporary effort data are very often unavailable.
L, = Lx; {I -expr-K(t -to)]}
for length, and WI = Woo {1-expl-K(t -t o ))}3 1) (2) Note that this rule of thumb, as mentioned above, applies only to small fishes (with L oo say S 50 cm). In tion of values for the growth parameters Sand K represents no problem to date, and good values of these parameters have been calculated for most large, exploited marine fish stocks of the world (see a for a compilation of original and literature values of L oo and Kvalues covering 1500 different stocks distributed in over 500 species). Problems pertaining to the definition of the VBGFs parameters (asymptotic size, K, and to) have recently been discussed in detail in Pauly (1979) in which the four-parameter, generalized version of the VBGF originally proposed by Richards (1959) was demonstrated to correspond to the "physiological" formula aimed at by von Bertalanffy (1934; .
As the normal, three-parameter version of the VBGF will presumably still be used for many years to come, and as the overwhelming bulk of the growth parameters available in the literature also pertain to the threeparameter VBGF, no attempts is made to link the values of M available here to values of asymptotic size and K in the generalized VBGF, though much would have been gained from such an exercise (see Pauly, 1979) .
For the purpose of this paper, asymptotic size may be defined as the mean size the fish of a given stock would reach if they were to grow indefinitely in the manner described by the formula. It may be added that this size, in small species, is generally close to the maximum size (L max , Wmax) reached by the oldest fish of a stock, while in large species, such as tuna, the ratio LmaxlL 00 is about 0'65 (and 0'28 for Wmax/W 00) (Pauly, 1979) .
The parameter K may be given a physiological interpretation. It has the tendency to increase with all factors causing "stress" (and with all factors causing an increase of O 2 consumption) such as, for example, increasing temperatures Pauly, 1979) . For this reason, the magnitude of K has a direct relationship with the longevity of any fish. This becomes obvious if we consider the feature, previously discussed by Taylor (1958 a), Beverton (1963) and others, that the oldest fishes in a given unexploited stock, in nature (not in the aquarium!), generally reach about 95 % of their asymptotic length. So it is possible to estimate, for any value of L oo , an approximate value for longevity (t maX>. 'From the VBGF; very large fishes, the value of the denominator in Equation (4) becomes <;!i 3, this, however, not altering the general feature that longevity, in fishes, is closely related to the magnitude of K.
That there should be a relationship between K and M is, on the basis of the relationship between K and t ma ", quite evident, and attempts have been made relatively early to quantify this relationship such that it could be used to "set reasonable values of M in models, given K" (Cushing, 1968, p. 109) . Beverton and Holt (1959) compiIed data on growth parameters and M which can be used for such a purpose. These data have been adapted by Cushing (1968, Fig. 50 ), who presented plots of M against K in Clupeoidei, Gadiforms, Salmonoidei and Pleuronectoidei which allow for rough estimates of M in these groups, given K. The Cushing graphs and those of Beverton and Holt (1959) have been widely used throughout the world and have certainly fulfilled the role assigned to them.
At present, however, these graphs are not sufficient. There is, first of all, a need to obtain estimates of M for various little investigated tropical or polar stocks which belong to none of the four taxa listed above. Furthermore, these estimates should be more accurate than those obtained by simply plotting M on K. And finally, the question should be asked whether the apparent intertaxa differences in the ratio M/K are due to intrinsic features of these taxa, or whether these differences are caused by the fact that other variables, such as size or environmental temperature, also have an influence on MIK. Cushing (1968, p. 109-111) suggested that "the magnitude of M is probably the sum of predation for little fish; for predators it is more nearly a "physiological" mortality in a physiological sense, but is dependent on their place in the food chain". Similarly, Ursin (1967 Ursin ( , p. 2376 stated that "natural mortality may have both physiological and environmental components. An example of the latter is the activity of predators".
Conceptually, we may split up mortality, in fact, into three components; a) "Pbysiological" mortality, that is, mortality caused solely by disease, or old age, or both, and leading to death without the intervention of predators. b) "Selective" mortality, that is, mortality caused by disease, or old age, or both, in a certain number of the fishes of a given stock, these fishes being characterized by a lack of performance which makes them accessible to predators. c) "Chance" mortality, that is, mortality unrelated to any physiological mechanisms, and proportional only to the number of possible encounters with potential predators.
Physiological mortality, one should think, is proportional to K which apparently determines how long, at most, a fish is likely to live (see Equation (4»). Also, we may assume this purely physiological mortality to be the sole component of natural mortality in very large fishes having (past their tender youth) no predators. Selective mortality should represent, as a whole, an important component of natural mortality mainly in middle-sized fishes. Selective mortality is well known from terrestrial food chains, but there are very few papers readily available documenting unequivocally the existence of selective predation in marine or freshwater food chams.
Finally, chance mortality may be conceived of as the main component of natural mortality in small-sized fishes, which tend to be low in the food chain and have a large number of predators. Thus, "the situation is that small species have a higher natural mortality rate than big ones" (Ursin, 1967 (Ursin, , p. 2377 .
The relationship between size and mortality, however, is not a straightforward one. High values of Mare generally correlated with small asymptotic size, but this is due primarily to the fact that low values of asymptotic size are themselves correlated with high values of K. Thus, for example, it can be demonstrated that the plot of M against asymptotic size in Ursin (1967), which yields a highly significant relationship, produces a nonsignificant relationship when the effect of the associated value of K is removed by partial correlation or multiple regression of log M against log S and log K (Pauly, manuscript).
The direct relationship between M and size is indeed so weak that it can be demonstrated only on the basis of a large body of data, and after the effects of a third factor, environmental temperature, have been removed. Preliminary suggestions as to why the mean environmental temperature should influence natural mortality will be presented in the discussion. This paper may thus be seen as an attempt to demonstrate that three variables significantly affect natural mortality:
1) The size of a fish -as expressed by its value of L IX> or Woo; 2) the growth rate of a fish, as expressed by the magnitude of K; 3) the mean environmental temperature.
This can be done, at once, by plotting values of log M against log 5, log K and log T in a multiple linear regression of the form: all these hypotheses, more data have been compiled whose origin and treatment are discussed below.
Material Values of M: criteria for inclusion
The 175 values of M which form the core of this study were gathered in the frame of a rather thorough scanning of the literature on population dynamics and growth of fish 1979 
Growth parameters
The values of L oo used pertain mainly to total length (LT) and are always expressed in cm units, while the values of Woo pertain to round (ungutted, live) weight expressed in grams. The estimates of asymptotic size stem either directly from the literature, or from the compilation by Pauly (1978 a), and were obtained mainly by means of a Ford-Walford plot or by nont linear regression (see . The estimates of Woo were, in most cases, obtained from estimates of L a<\ through the use of the equation
nd/or by testing the second-order partial correlation coefficients rSM'KT, rKM'ST and TTM'KS' These correlation coefficients express the degree of association between, for example, Sand M, with the exclusion of the effect of K and T, and correspondingly for the other combinations of variables (see e.g. Blalock, 1972) .
As the inductive basis gathered by earlier authors (e.g. Beverton and Holt, 1959) seemed too small to test cf being the mean condition factor of a given fish stock, as derived from the b¢st literature data readily available.
When two sets of growth parameters (e.g. for cJd and~<?) faced one single value of M, the geometric mean for the values of asymptotic size and K were takeh and included in Table 1 . Freshwater fishes: from the Klimadiagramm -Weltatlas (Walter and Lieth, 1967) on the assumption that the mean annual surface temperature, in freshwater bodies, roughly corresponds to the mean annual air temperature of the same area.
Polar fishes (antarctic and arctic): through conversion from the actual mean environmental temperature to the "physiologically effective temperature" of cold-adapted fishes (Pauly, 1979) . The derivation of the graph used for this conversion (Fig. 1) is discussed further below. The 22 temperature values obtained through this conversion are given in parentheses in Table 1 .
Statistical methods
It should be noted that all statistical tests were performed with transformed data, that is, .with the log10 values of M, Lrx>, Woo, K, and T. These transformed values will, for brevity's sake, continue to be referred to as M, L, W, K, and T.
where r 12 '34 expresses the degree of association between variables 1 and 2 after the effects of variables 3 and 4 have been removed.
For the investigation of the interrelationship between four variables, second order partial correlation coefficients are needed. They are calculated on the basis of first order partial correlation coefficients such that:
Analysis of correlations
The relationship between variables have been investigated by means of two-variable correlation coefficients (r) and of multiple correlation coefficients (R). Twovariable correlation coefficients express the degree of association between two given variables irrespective of the potential effect of any other variables.
Multiple correlation coefficients, on the other hand, express the degree of association between a given variable and a set of other variables without indicating which variable(s) oorrelate(s) best, and which do not correlate at alL It therefore became necessary to calculate partial correlation coefficients, which express the degree of association between two variables after the effect of (an) additional variable(s) has been removed. First order partial correlation coefficients relating to three variables have the formula:
Temperatures
The temperature given for each stock in Table 1 is an estimate of the mean annual temperature at the position where the fish were caught (except in the case of polar fishes; see below). The locations given in Table 1 do where {1 is the beta weight coefficient linking the independent variable 1 and the dependent variable 2 when the effect of the independent variables 3 and 4 is eliminated, while s.d. 1 and s.d. 2 are the standard deviations of variables 1 and 2, and b 12'.34 is the corresponding partial regression coefficient or slope (Blalock, 1972) . It may be recalled that " ... the partial correlation is a measure of amount of variation explained by one independent variable after the others have explained all they could. The beta weight on the other hand, indicates how much change in the dependent variable is produced by a standardized change in one of the independent variables when the others are controlled" (Blalock, 1972 In order to estimate which of the three variables (5, K, and T) has the greater effect in determining the value of M(independently of the S, K, and T units used), socalled "Beta weight coefficient" have been calculated by means of
Regression analysis
The following regression equation was obtained for weight:
Results
The mortality, growth, and temperature data used fbr all subsequent computations are summarized in Table 1 which also gives the geometric means and standard deviations for each variable.
(to) 10gM = -0,2107 -0'0824 log Woo + + 0·6757 log K + 0·4627 log T
Correlation analysis
1) The two-variable correlation coefficients are given in Table 2 . All are highly significant, except that there is no correlation between temperature and asymptotic size.
2) The first order correlation coefficients are given: in Table 3 . Note that there is no significant relationsltip between size and mortality when the effect of' K alone is removed.
3) The second order partial correlation coefficients are given in with R = 0·847 and R' = 0·718. The critical value tor testing R in Equations (to) and (11) is 0·275 (for 171 d.f. andP = 0,01).
For practical purposes, Eqoation (11) may be simplified to which produces values of M differing only slightly frOm those ohtained by means of Equation (11).
For Equations (to) and (11), the values for the st~n dard deviation of the log M values are 0 ·247 and 0'2~5
respectively. The standard deviations of the slope estimates are given in Table 5 . The beta coefficients pertaining to Equations (to) and (11) are given in Table 6 .
Non-parametric tests
The following non-parametric tests (in Siegel, 1956) were used in conjunction with the residuals (differences between empirical values of log M and the corresponding estimates of log At):
1) Testing for normalness of the frequency distribution of the residuals by means of the Kolmogorov·Smir-nov test. 2) Testing for the randomness of the runs (using plus and minus signs) of the residuals ordered (as in Table 1) according to a systematic classification (here Berg, 1958 with slight modification). 3) Testing whether or not one of the two signs of the residuals (negative or positive) in various fish families and ecological groups predominates, using a simple sign test.
with R = 0·845 and R' = 0·713; and for length Non-parametric tests Figure 2 suggests that the resiouals are normally distributed. This is confirmed by the value of the Kolmogorov-Smirnov statistic, D = 0 ·0296 (see Table 7 for computation), which is so low that the null hypothesis (assuming a normal distribution of the residuals) cannot be rejected even at P= 0·20 (Siegel, 1956 , Table E ). The following stocks have values of log M differing by more than two standard deviations from their empirical values: stock Nos. 3, 130,5,12, and 168 have values of log M two standard deviations lower than predicted by Equation (11), while stock No. 33 has an empirical value of log M higher, by more than two standard deviations, than the value predicted by Equation (11). Table 8 recalls the data used for testing the n~lI hypothesis that the runs (groups of residuals with same .sign) are not related to the taxonomic groupings ofTable 1. In the case of Equation (10), 80 runs produce a value of z = -1-24, corresponding to a value of P = 0·22. In the case of Equation (11), 76 runs produce a value of z = -1 -83, corresponding to P = 0 ,07 (Siegel, 1956 , pp. 56-58 and Table A )_ That is, the signs of the residuals are probably random with respect to taxonomic groupings.
This result, however, is not unequivocal, as the simple sign test reveals that, at least in the case of the Clupeidae, the number of signs of one type (here negative signs) significantly predominates over the other sign (see Table 9 ): i.e. in the Clupeidae, the empirical values of M are generally lower than would be predicted from Equation (11). With the exception of the Clupeidae, the empirical values of M are more or less evenly distributed on both sides of the predicted values in aU taxonomic groups. This applies also to freshwater, brackish/diadromous and coral reef fishes (Table 9) .
In polar fishes, i.e. the fishes coming from water below 3 ·5°C, it appears that the empirical values of Mare generally higher than the predicted values, in spite of the attribution to these stocks of a higher "effective physiological temperature" obtained through the conversion in Figure 1 . 
Discussion
The results obtained confirm the suggestion made by earlier authors that M, in fishes, is linked to their size and to their value of K. In addition to this, it appears that natural mortality in fishes also correlates directly with environmental temperature, this effect being added to the effect of temperature on K and asymptotic size (see Pauly, 1979 for a quantitative analysis of the latter affect). Of the three variables which determine the value of M, K has the highest partial correlation with M and the highest beta weight coefficient. This confirms the suggestion by earlier authors that an estimate of K is generally sufficient to obtain (very rough) estimates of M.
Temperature, also has a very marked effect on the estimates of M_ Thus, for say L oo = 50 cm, K =0·3 and T = 5°C, one obtains with Equation (11) an estimate of M= 0 ·32, while at the tropical temperature of 28°C the same growth parameters produce a value of M = 0·68.
This implies that the ratio M/K, thought by Beverton and Holt (1959; 
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Finally, size is very significantly (negatively) correlated with natural mortality although it is the variable which has the weakest partial correlation and the smallest beta weight coefficient. Asymptotic length seems to correlate (negatively) with M slightly better than asymptotic weight, but this is probably because the weight estimates were obtained by conversion from length, adding variance to the data. In fact, it is even possible that it is weight which correlates (negatively) better with M. This question, however, cannot be investigated on the basis of the present material.
Following the presentation of an earlier version of this paper (Pauly, 1978 b ) the use of K and asymptotic size as independent variables was objected to by several colleagues on the basis of the intercorrelation between K and L 00 and K and Woo, these parameters being most often estimated from the same set of growth data (see e.g. Knight, 1968 ). It appears, however, that partial correlation coefficients, as computed here, have the very effect of removing all "spuriousness" from a correlation, leaving that part of the correlation to be tested for significance which is not due to such intercorrelations (Blalock, 1972) . Another frequent objection was that the use of parametric methods such as correlation and regression analysis may require that the distribution of the variables be normal, or at least known. In response to this, Blalock (1972, p. 464, footnote) may be quoted: "Once more it should be emphasized that all of the X j the independent variables need not have normal distributions, as long as the dependent variable is normally'distributed about all combinations of fixed levels of the independent variables with the same variance. _. In other words, we assume that the disturbance term ... is normally distributed with constant variance". The "disturbance term", on the other hand, is the very cause for the existence of residuals. The Kolmogorov-Smirnov test, as applied to the distribution of the residuals demonstrated that the residuals are normally distributed (see also Fig. 2) . It thus appears both legitimate and appropriate to use parametric methods in conjunction with the data in Table 1 . A detailed discussion of the results obtained does not seem warranted here, as the use of the three-parameter VBGF renders the value of K and asymptotic size difficult to interpret biologically.
Several hypotheses may be advanced to explain the surprisingly high partial correlation between the temp- 1) There is no direct (or caUsal) relationship between M and temperature, but only between M and some unknown parameter which is itself correlated with temperature. Such "hidden" parameters could be:
The maturity of a given ecosystem. Tropical ecosystems have a longer history of undisturbed evolution, hence more specialized and intensive interspecific relationships, such as predation (see Margalef, 1968 ).
(ii) The turn-over rate of the ecosystem's biomass, which is generally correlated with temperature.
(iii) Some other factor correlated with temperature (see e.g., Nursall, 1977 , who plotted the intensity of "biotic interactions" against latitude).
2) There is a direct (causal) relationship between M and environmental temperature. The basis for such a relationship could be: (i) Temperature, which determines M via K and via the asymptotic size, may also affect M directly by increasing "physiological" mortality (as defined in the Introduction).
(ii) Fishes occurring at higher temperatures have more chances to have encounters with "hungry" predators (rather than satiated ones) because, other things being equal, tropical fishes have to eat more than the temperate fishes in order to satisfy their higher metabolic needs (Winberg, 1960) . This should force predatory fishes to eat more prey fishes per unit time than their cold-water counterparts, which would then result in higher natural mortality in the prey fishes. It is the latter of these alternatives (2, (ii» which seem more probable to me, especially in light of the fact that the polar fishes -which generally display an abnormally elevated metabolic rate (Wohlschlag, 1964 )-also suffer an abnormally high natural mortality.
188
In fact, the data in Table 9 suggest that the antarctic and arctic fishes (those occurring in waters of :s; 3·5°C annual mean temperature) have a natural mortality generally higher than predicted by Equation (11) even if their heightened metabolism is taken into account (by converting their real environmental temperature to that of the higher temperature corresponding to their high metabolic level (see Fig. 1 in Wohlschlag, 1964 or One taxon, the Clupeidae, tend to display values of M generally lower than those estimated by Equation (12) (see Table 9 ). It is tempting to attribute this feature to the schooling behaviour that is so strongly developed in this group (Nikolskii, 1969) .
Other groups which also school (e.g., Engraulidae) do not, however, differ so much from the predicted values. If the assumption is to be maintained that the lower values of M displayed by the Clupeidae are more than random events, a conversion factor of 0·6 may be used which is based on the mean of the residuals in the Clupeidae and which may be used to convert the values of M obtained from Equations (10), (11), or (12) to a value of M more likely to occur in Clupeidae. With the possible exception of the polar fishes and the Clupeidae, it appears that the multiple regressions derived here provide estimates of M which are unaffected by the taxonomic or ecological affinities of a stock. The generally good fit and the large amount of variance removed by the plots (above 70 % in both Equations (10) and (11) suggest, in light of Figure 2 and the very large number of degrees of freedom (171), that the remaining unexplained variance is due solely to random "noise" (e.g., random errors in the estimations of M, T, and the growth parameters).
Potential applications of the proposed relationships
The equations proposed here should help in several areas pertaining to the work of fishery biologists. 1) Quickly obtaining reasonable estimates of M fOT yield assessment purposes. 2) Obtaining values of F when Z is known on the basis ofZ = F + M.
3) Obtaining estimates of the catchability of a given gear by means of the relationship Z=qf+M where f is the nominal effort and q the catchability coefficient. This method of using M to estimate q from Z and F values is obviously not new (Ricker, 1975 , pp. 172-4). The point is that this method can now be used routinely, as it is now easier to estimate M than it is to estimate q. 4) Providing an objective criterion for assessing whether a value of M is "high" or "low" by comparing an empirical value ofM obtained through one of the classical methods with the estimate of M obtained, for example, from Equation (11). Similarly, the equation could also provide a test for identifying bias in a method used for estimating a value ofM. 5) A potentially valuable property of the equations proposed here may also be seen in the demonstration that growth parameters and environmental temperature determine to a very large extent the value of M of a given fish stock. Evolutionary mechanisms which constantly adjust natural mortality to the growth parameters and environmental temperature of a fish population are relatively easy to conceive (see Thompson, 1976 , and the references therein). Their detailed investigation may contribute to a better understanding of the interactions between fish populations, and eventually to a better understanding of the biological basis of our fisheries.
